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ABSTRACT 


Submitted to the Department of Naval Architecture and Marine 
Engineering on May 23, 1969, in partial fulfillment of the 
recuirements for the taster of Science Desree in Mechanical 
Engineering and the Frofessional Derree, Naval Engineer. 


Submarine Fontoon Supported Vessels are being used or consid- 
ered for drilling platforms, oceanographic research ships, and 
mobile satellite tracking stations due to their inherently 
small motions. This thesis explores the tvossibility of reduc- 
ing these motions still further by using active disrlacement 
control. The equations of motion for a typical model are 
derived and solved for heave, pitch, and roll. ‘the forces 
required to reduce the motions are optimized and the result- 
ing motions are determined, -he power required to maintain 

a specified motion amplitude is derived. 


The reduction of heave amplitude of a vessel near resonance 
requires excessive power, indicating that the vessel should 

be designed with a natural period avove that of the expected 
waves. However, the use of active displacement control to 
provide essentially zero heave amplitude in a moderate sea 
state is potentially attractive due to the small average power 
requirement, 


Thesis Supervisor: Forbes T. Brown 
Title: Associate Professor of techanical Engineering 
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Ec... ONTRODUC TION 


In recent years a considerable amount of attention 
has been focused on floating platforms for a wide variety 
of missions. These platforms have been identified by 
many names, including "Mobile Column Stabilized Platforms 
(MCSP)"' and "Stable Ocean Platforms (SOP)'', For purposes 
of this paper they will be referred to as "Subnarine 
Pontoon Supported Vessels (SPSV)", The SPSV is charac- 
terized by its relatively small wave induced motions. 

It consists of a platform type structure supported by 
columns attached to submarine hulls, The main buoyancy 
elements are the hulls, and since they are located below 
the area of major wave effects, the motions of the vessel 
are small. The supporting columns, which are exposed to 
wave action, are widely spaced, small in relation to the 
wave lengths, and present the same minimum cross section 
and waterplane area to the sea in any orientation. As a 
result of these characteristics, the sPSV is useful for 
missions which require a ship to operate at a specific 
point in the ocean with minimum motions. Speed in trans- 
it may be important but remains secondary to the motion- 
free characteristics. Since the major working areas are 
not in direct contact with the surface of the sea, the 
design and utilization of the upper structure need not 

be restricted by hydrodynamic considerations, as is the 
case with a conventional surface shiv. Thus unconven- 
tional arrangements and unique configurations are pos- 
Stoles bo ermLfili specific tasks, 

fhe oil industry has been the first to design, 
construct, and operate a SPSV. Deep water drillins 
requires a floating structure, and the SPSV has filled 
this need. ‘the platform trovides sufficient space for 
the drilling ris and associated equipment, and the small 
motion of the vessel permits drillin in low sea states 
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without problem, Most of the existing platlToris are non-self 
propelled, and they are rositioned at sea by anchoring systems, 
However, as the need for drilling in deeper water increases, 
the platforms will be equipped with dynamic positioning devices 
POeialmcain, Stacbion,. 

whe use of the SrSV for scientific research holds zreat 
potential. The plutform provides considerable volume and deck 
area for specialized equipment and scientific facilities. Due 
to the considerably reduced motions as comparea with a conven- 
tional ship, personnel comfort, and hence eftectiveness, is 
high. «As a further consequence of reduced motions, laboratory 
facilities can be more sophisticated, and personnel can contin- 
ue to yperlorm research in weather corditions which would pro- 
hibit work in a conventional shin. Yhe MOUICLE vessel, althcugh 
not actually constructed, underwent considerable design effort, 
The vessel was intended to drill through the earth's mantle in 
Very deep water, rhe vessel consisted of a large rectangular 
platform supported on two submersed hulls by six cylindrical 
columns. The design called for a propulsion system capable 
of approximately 10 knots, and a positioning system using 
ducted thrusters in the hulls. 

The National Aeronautics and Space Administration (NASA) 
has shown interest ina SPSV for use in missile and space 
weatele tracking and communications, The requirements @ror 
ballistic missile and space missions are strict, and since 
these missions often require telemetry and tracking coverayre 
over ocean areas, a sea-going trackins facility is necessary, 
Present range trackins ships are significantly limited in 
Eiatecone oitching and rolling of the ship create radar data 
inaccuracies for which adequate compensation cannot be provided. 
In Order Cosminamaze the effects of wind, current, "andes, 
present tracking ships must normally maintain headway, cover- 
ing a path which further complicates the tracking problen, 


Crew discomfort during adverse weather, and lack of snace for 


ne 





recreation become significant proviems during extended missions. 

The srSV overcomes these disadvantares and provides other 
unique advantages, Since the motions of the SPSV are consid- 
erably less than tnose of present ships, data accuracy is 
improved, equipment reliability is increased, and personnel 
discomfort is alleviated, ‘he above water platform can be 
optimized to suit the mission, and radars and other electronic 
equipment can be located more effectively than on a conven- 
tional ship form, Additional snace is also available for 
living areas and recreation, The SFSV would not be required 
to steam in a pattern because, since it is relatively insensi- 
tive to wind and wave direction, a dynamic positioning system 
would permit "hovering" over a specific srot. rhis capability 
implies that the endurance of the S)V’SV on station would be 
greater than that of a conventional rane tracking ship. 

The SPSV has potential as a support vessel for deep 
diving submersibvles, eitner for oceanographic research or for 
submarine rescue, Small, deep diving submersibles have 
limited range and require close support. The 3.SV provides 
a relatively motionless vessel which could house or support 
such suomersibdles. 

there are a nimber of other possible missions for the 
SYSV, although some may be well in the future. The salvage 
potential is large due to the capability of lifting, large 
weishts without developing larre pitch or roll inoments, 
DiderWaser structures, habitats, und arrays will reaguire 
substantial tending, particularly during construction, and 
the SPSV has a unique capability to provide such support. 
Further uses such as a helicopter landins platform or a 
sea going hotel are conceivable, 

fauiealleor the foreRomnm miscions, tne abilizty of tne 
SPSV to be located at a fixed scoint, with small motion, and 
yet be capable of moving from one location to another are 


primary considerations. In many cases it misht be desirable 
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tome nii1ze Molrens elallofurther, Titseriieat oe necessary 
to provide an essentially motionless olatform, or to extend 
the working rane of the Si:SV into higher state seas as 
EPneenatural period of heave, pitch, and roll are large for 
the S:SV, it might be feasible to control motions with the 
use of an active displacement ccntrol system. ‘the system 
envisioned would consist of additional ballast tanks and 
the pumping capacity to offset wave induced motions by 
alternately increasing and cecreasing ballast. If the water 
were added and removed at the proper location and with the 
proper phase relation to the exciting wave forces, the 
Motions of the SesV in heave, roll, and pitch could theo- 
retically be reduced to near zero, 

This investigation considers the development of a 
active displacement control system for a SFSV. To determine 
the feasibility of such a system, the power requirements are 
determined for three situations, The first is the mainte- 
nance of essentially zero motions in low to moderate seas, 
fie secona 15 the sifnificant reduction of heave in neavy seas, 
Finally the reduction of heave, at resonance, to a reasonable 
level is considered, The alteration of the ‘rSV's natural 


period is also discussed, 





Ji, DESCRIPTION OF SPSV MODEL 


The SPSV consists of two cylindrical hulls which are 
joined to the working tlatform by four cylindrical columns, 
The working platform is rectan-ular in shape. Figure 1 shows 
a simplified lines drawing of the SPSV, 

A Cartesian coordinate system (x, y, z) is established 
with the origin located at the unitisturbed center of gravity 
(KG), The x-axis is positive towards the bow, the y-axis is 
positive to port, and the Z-axis is positive upwards, The 
undisturbed water surface is the plane z= =-b, 

It is assumed (ref, 1) that the columns are far enough 
apart so that each column and the portion of the hull directly 
beneath can be considered a hydrodynamically separate segment, 
and any interactions between segrients can be neglected, The 
segments are numbered as shown in figure 2, 

The hull axes are parallel to the x-axis and the column 
axes are parallel to the z-axis. For convenience, an addi- 
tional coordinate system (x, Yas z.) is introduced in the 
ae segment with the origin at (Xa Yous O) of the primary 
coordinates, 

Displacements of the center of gravity are described by 
surme (&), sway Cy), and heave (Jj), and rotations about the 
jy cand = axes by roll (d), pitch (Q), and yaw (ip). 


Displacements of a point located on a column axis (x 


Ze) 


ci? Toi? 74 
can be related to displacements of the center of gravity by: 


Ee, = B+ 20-7, (1a) 
Nit Ve %aP- 4% ret 
Wes a Y- * 9 Sse) 


See 








Figure 1 SPSV Lines 
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Cieure 2 Segment Numbering 
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TILT. DERIVATION OF FORCES AND EQUATIONS OF iIOTION 


Wang (ref. 1) has derived the motions and forces of a 
floating platform. The derivation of the motions and forces 
of the SPSV draw heavily from this work. 

It is assumed that the SFSV is subjected tc a regular 
train of two dimensional deep water vravity waves whose 
VMetocity “ovencial 1S of the form: 

6 = ae Qk (Zz + Dione (2) 
From the theory of gravity waves (ref, 3, 4), the wave 


profile can be written: 


cee - oP = det 2 ‘ Saas 


tcl C >) 

where; 

T = k(x cos A- y sinQ) -wt 

GB = gravitational constant 

t = time variable 

A = surface wave amplitude 

k = wave number = aT /L = xe ie 

ee wave length 


We- Gireular frequency of the wave 
A= angle of the wave front measured clockwise from 
o 
the negative x-axis, (For port beam seas, A= 90 , 


for head seas, A= Tone 


It is further assumed tnat the column and hull diameters 
are small compared to the wave length, therefore the motion of 
the water across the diameters can be considered uniforn, 

The forces acting on the SPSV are hydrostatic end 
hydrodynamic. ‘The hydrostatic force is the restoring force 
expressed as: 


Z 
Hydrostatic force =F er d_(scos T, =) (44) 
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she hydrodynamic forces are caused by chanrves in 
pressure on the secment due to relative velocities and 
accelerations, :hose hydrodynamic forces in phase with 
accelerations are termed intertial, and those in shase with 
velocities are termed damping. 

The inertial forces consist of a wave force and a force 
due to the added muss of the sesuent. The wave force is due 
to the pressure on the semuent recsultinys rrom the serment's 
interference with the acceleration of the water particles, 
Korvin -— Kroukovsky (ref. 4, chapter 2) expresses this force 


as: 
Wave Force = -(1 +k) (pressure cradient) (body volume) (5) 


From gravity wave theory, the pressure is: 


p= 22 = p90 (6) 


; : nae is : : we f 
substituting equation (3) into equation (6), the expression 


for wressure cocecomes: 
et S e 
p= pact’? + oo5 ¢ (7) 


The pressure fpradient is easily calculated from equation 
CAM 
Imvequation (5), k is the coefficient of accession to 


inertia, and 1 + k is defined in reference 4, chapter 2 as: 


total inertia of a body floating in a fluid (8) 


Wem Germ f) of the fluid dvasiaced uy anembody 


Equation (8) can alse be written: 


m +Am : : 
1+k === , where Amis the adsed mass or hydro- 
ia 


d ianreotnertia, 





The inertia force due to the nydrodynanic inertia is the 
product of the hydrodynamic inertia and the relative accelera- 
tion. The damping force is the product of the damping 
coefficient and the relative velocity between the water and 
the segment, 

The water velocities in the x, y, and z directions can 


be obtained from the velocity potential, equation (2), as 


follows: 
a ae = awe ‘4 is Deca 7G (9-a) 
fe o X 
V, = = es _Awak ‘2 ¥ Dn cOere 9-b) 
J OY 
V=- oe te $2 i Oe (S-c) 
Z o2 


Tne water accelerations can be determined by taking the time 


derivatives of tne velocities, and are: 


Paice) +. 5) 
we 


v, = A cos“ sint (Gea) 
v = ~pweok $2 ig >) ine sint (10-b) 
ue = ~Awre* (2 i Dost (10=69 


The relative velocities and accelerations can be 
obtained by calculating the water velocities and accelerations 
at the desired segnent, and then subtracting the seg.ient 
motions. 

fhe forces actine on each segment can be resolved into 
SiX cO:iponents: 

Aas iSseinewierce on the i-tm column in tie x-dircctven. 
ae is the force on the i-th column in the y-direction. 
at is the force on the i-th column in the z-direction. 


15 = 





Xna is the force on the i-th hull in the x-direction. 
Ya taeedew.orce on the i=th hull in the y-direction, 


hi is the force on the i-th hull in the z-direction, 


imeeivdrodynadic inertia for the motion of a cylinder 
along its longitudinal axis is negligible. The hydrodynamic 
inertia for the transverse motion of a slender vertical 
cylinder can be approximated by its displaced mass (ref. 1). 
The hydrodynamic inertia for the transverse motion of a 
horizontal cylinder below a free surface is a function of 
the oscillation frequency and submergence ratio (depth/radius) 
of the cylinder, and is plotted in figure 5 of reference 1, 

The dampins force is composed of wave damping and eddy 
damping, Tne wave damping is associated with pro-ressive 
waves radiating outward from the body, and it is linear with 
respect to the relative velocity. The wave damping force due 
to the columns is negligible and a wave damping parameter for 
the hull is plotted in fircure 7 of reference 1 as a function of 
oscillation frequency and submergence ratio. The wave damping 


coefficent is then expressed as: 
C= $ mw (11) 


The eddy drag is associated with the generation of 
turbulent eddies around the segments and is nearly proportional 
to relative velocity squared, The motion responses of the 
Blattorm are small in the ranve outside of resonance, “lerefore 
this damping is small and can be neglected, however near 
resonance it must be included. The eddy drag normal to a 


Cvitneer im cross flow is: 
D= ci 2Pslv\V (1? 


where: cA drasc coefficient 


=e 





p water density 


eS) 


V 


Peowected area of the evlinder 


ti 


relative velocity 
The absolute value of V is used in equation (12) to show 
that the force is always in the direction of the relative 
velocity. The value of C is determined experimentally, 
and an averase value of 1.0 seems reasonable (ref. 1). 

The relative velocity in equation (12) can be written 


ma toe form: 


Vew Xcos(wt- € ) ees) 
Wie re:; 

We-sabeoucncy Of oscillation 

Pee aie tude of oscillation 

f= pNase arugie 


wance the velocity is veriodic, the eddy drag can be linear- 
ized using the describing function technique (ref. 5, 6), 
and written in the forn: UL = CV. The descriding function 
approach assumes a periodic input (V) and further assumes 
that the only significant component of the output (drag 

we cnescomponent at the invut frequency. 


MHesCescryoine? function can be written as tne rato 


of tne fundamental drag ccmponent to the velocity amplitude. 
— (14) 


The fundamental draf component can ve determined from tke 
Fourier series expansion of equation (12). The resulting 
expression for the linearized eddy drag coefficient is: 

c = som Cc je P Sw Be Gul 0: 

Vee 

The linearized daupinzs coefficients for the i-th seg- 


ment can then be written as: 








. L 
Bi Ser Cato Xo us oee 
eed iw XY 
yi = 3m Catoe Keys (16-b) 
H . =§mw + aa ean el YoLw X& (16—c) 
yak h ot dh hyi 
H. =&mw + 2 c, fd, jeLw & 
“oi h 37 at h foveal (16-a) 
% od is the mean amplitude of displacement of column i 


along the x-direction, X ae BA %408n be interpreted 


nya 
in a similar manner. 

The details of the calculation of force components, 
as adapted from reference 1, are shown in appendix A, and 


are expressed as follows: 


fe 2. 
= = } asin T 
Kea CG ea © ck ci? fe 3m Ww AQ cos sinT. 
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Y = -(m 7 eC 1 ) = 3m a sin& sin T 
ola CC va Cl. Can Co al 
SC, wie sine cos. (17-») 
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fie See ae, eee 
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X =m Hep HcosAsinT (17-d) 
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fhe equations of motion are deter.ined vy suaming the 
forces and momeuts for eac’: serment. ithe moments «re 
determined by calculating the force per unit length, multi- 
Povine =O, ecae Moment arm, and then integrating over the 
surface, being czreful to include buoyancy effects in the 


moment calculations (ref. 1). 
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(16-f) 


Jhen eauation; (17) are subdstituted into equations (lo), the 


equations of motion become: 


a4, § + eee an 3 eG: 2 “y Cfea) 
Aso + Any P+ Poa N+ Pan P = Fo (12=b) 
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l 
md 
WO 
| 





Zon t Ayn Pt Pon + Pyy P+ Cyn P = Fy (1 i-d) 


ais § + 25 9 + Pas b+ Oise 0 + Cas 0 — = (19-e) 
ace P+ dep Y= ° Coen) 


where the coefficients are defined in appendix B, 





ry SOLU LON OD eUTIONS OF TkOl ION 


since the control of heave, roll, and pitch are of 
orimary interest, the motions of the 3FSV in surge, sway, 
and yaw can be eliminated from equations (19), resulting 
in three uncoupled differential equations, ‘is outlined 


in appendix B, these equations are of the form: 


azz 3 + bash + C33 Nh = f,,5in wt + f, cos wt (26-2) 


AN 
Q 


on] me e rf aan 
mas O+ Ci> 0+ Cia © + Cho O = Jj Sin wt 1 J, cos wt (20 pe 


Ge 


ome d ae D+ an D+ Cag PD = J, sin wt + J,,cos wt (20-c) 


Equations (20) can be solved to determine the steady- 
state, uncontrolled motions. Details of tne solution are 
gBiven in appendix ©. For a given frequency, the motions 


of the SSV are: 


y= S , cos(wt- E.) (21-a) 
O- 0. cos(wt- Eq) (21-b) 
P = dD. cos(wte fo) (2l1-c) 


Se 0.) and p. are the heave, pitch, and roll anplitudes, 
and £,, @g, and zo are tne corresponding phase angles 


relative to the weve, 





V. OPTIMAL CONTROL 


The desired control may be specified in many ways. 

One is Simply a specification of the maximum allowable 
motions, This method has the advantage of simplicity in 
that an upper limit on the motion is specified, and the 
designer is faced with a specific criterion. However, the 
advantare of simplicity may become a disadvanta*e since the 
specification of a certain motion may be too expensive in 
terms of providing the required control. Therefore, rather 
than specifying an upper limit on motion, it is desirable 
to determine an optimal control, 

Cne method of accomplishing this is to specify a 
performance index in terms of motion and the control, 
minimize the performance index with respect to the control, 
determine the optimal control, and then determine the 
resulting motions, One useful performance index is based 
on a cost function which is the sum of control cost and 
mMotLon cost. 

The cost of control can be expressed in terms of the 
capital cost required for installation of the vumping 
facilities, etc., the cost of operation, or some weighted 
combination of the two, Since the factors involved in the 
determination of cost of control can be estimated fairly 
accurately, an analytic expression for cost of control, as 
a function of control force, can be determined, 

The cost of moticn is less well defined and depends 
strongly on the mission. In determining this cost, the 
owner must decide how a particular motion will effect his 
Socriimon (drilling, tracking, etc,.). Then he must trans= 
late the effect into a cost indicator, exvressed as a function 
ene Anvelsalleng ye 


The total cost function can be expressed in the 
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form: 


C= f) Gietaon) + f., (control Action) 
often the two functions can be simplified, and the 


cost function becomes: 
C= aq xX + p,U (22) 


Where as is the cost of motion and Py tS the €ost 702 "contro... 
U is the control force which is to be optimized. X is the 
motion of the SPSV, and can be a displacement from an 
equilibrium position, a velocity, an acceleration, or any 
combination, 
& particular performance index is a quadratic form, 
integrated over one period, 
T 
ie 2 
ey ee Caen 4+ (pu) | dt C25) 
x x 
oO 
It is further assumed that the control force may be expressed 


analytically in the form: 


U = U,. cos (wt =D! 
the motions are also of this form, X = Xx. cos (wt - 2. ) 
where the subscript c refers to tne fact that these motions 
are those occurring with the control forces applied, 

The performance index can be integrated and expressed 
in terms of the moticn amplitude, control force and costs. 
fhe result of integrating equation (23) is: 


(a 2 2 


# pe. UL ? (24) 


Tv 2 
[oe oe (q ».4 ns 
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To minimize the performance index, the derivative of 


apse 





equation (24) with respect to t e control is equated to 


Zero, Siving: 





Picea 20 2. (25) 
W x ¢ du. Ww Px > a 


Equation (25) can be solved for the optimal control force, 

Ue » With the boundary condition that when the control 

force is zero, the amplitude of the motion is XK (equations 
O 


(21)). The optimal control force is then: 


2 


5 = 3 Coa coe (26) 

x p fe) cS 

x 

Since Ue is an additional force applied to the SPSV 
along with the wave force, it can be added to the rieht 
hand side of the equations of motion, Equations (20) can 
be solved to determine the controlled motions of the SPSV, 
The details of the calculation are presented in appendix 


D,. The result is: 
NG 2 (Cae a cos(¥-%) -1=0 (27) 


where: 

/ = amplitude factor = ratio of controlled to un- 
controlled motion, 

K = a factor which includes the ratio of cost of motion 
Vomcase Ol Control, frequency, and physical 
characteristics of the SPSV. 

2) phase angle of the control force 


X= phase angle of the wave force, 


Equation (27) gives the motions of the SPSV resulting from 
t e application of an optimal control force based on partic- 
ular motion and control costs. This motion, in the form of an 


amplitude factor, is used to determine the power requirements, 


eee tf ee 





VI POWER RS UTREMEN? 


The power for the control system must provide for the 
pumping of enough water at a rate which will maintain the 
motions of the SPSV within the svecified limits. The 
optimization of the control force has resulted in maximum 
allowable controlled motions in heave, pitch, and roll. 

To remain within the heave specification, added inertia 
must be provided to compensate for the uncontrolled heave 
in excess of that specified, This amount of inertia can 


be expressed as: 
Mee 7 + rs 
mp = Ppa (8S - $y) (28) 


Where - is the water density, E a is the cross-sectional 
area of one column, %) - Ne is the excessive heave 
which must be controlled, and the expression is multiplied 
by 4 to include all four columns of the SPSV, The bar 
over the symbol for motion indicates a time-varying, per- 
iodic function, while the absence of a bar denotes the 
magnitude, (e.g. ee 3, cos(wt -Z4) ). 

To remain within the roll and pitch specifications, 
added moment must be provided in a similar fashion. 


The amount of roll moment to be added is: 
Ase ee Da 
My =4@ rays (Oo - %,) (29) 


The amount of pitch moment to be added is: 


We 2 re 
Mg= 479 E49, a. (6. 


- 6.) (30) 


The required power is the product of the required mass 
flow rate, and the head against wnich the pumps operate, 


From equations (28), (29), and (30), the mass flow rate in 


S25 .s 





heave roll, and pitch are: 


ay = pra? (f ~5e) (31) 
— x ;, (33) 


The head at an arbitrary point a distance Zo feet below the 


Still water line outside of the hulls is: 
(MPECM cr <°cos. T= © 4 x 6 & y~ (oh9), 
re) O c c 


The second term in equation (34) includes the effect of the 
waves, and the last three terms include the motion of the 


SPSV. 


The head inside cf the tank is: 
He = Pg + Z, C35) 


Z is the water height inside the ballast tank above the 
pump, and Pan is the air gauge pressure in the tank. fhe 
heignt of tne water in the tank can be expressed in terms 


of the mass of water in the tank as: 


m 

Pama (36) 

ae PAn 

where fe is the tank cross section area and is assumed not 

to vary with Z.- mM is the mass of the water in the tank 

at any time, as determined from equations (28), (29), or (30). 
The total pump head is the difference between the 


external and internal heads, 


2 -< = P 
H = Zo + Ae cos Ll ~- Se + X 0. a yP. 2g fA, 
(27) 


= 25 - 





In heave, water must be added (or removed) so as not 
to create pitch or roll moments, The water must act ata 
point x =O, y = ie in tnewmperc. hulierand <9 0.8) = ae 
in the starboard hull. Furthermore, the amount of water 
pumped is the same for both hulls. The power required 
is the product of equations (31) and (37). Details of the 
calculation are presented in appendix &, 

In roll, the control moments are generated by adding 
water to one hull, and removing the same amount from the 
other, In order that no pitching moments are generated, 
the water must act at x = 0, y = a an Che port hull end 
ea, yy = mie in the starboard hull. The power required 
is the product of equations (32) and (37), and is detailed 
in appendix &. 

In pitch, the control moments are generated by adding 
water forward and removing it aft, or vice-versa, Although 
the water can act at any symmetrical points along the 
X-axis, it is assumed that these points are the hull- 
column intersections, An equal amount of water thus acts 
at each inter ection, The power required is the product 
of equations (33) and (37) and is detailed in appendix E. 

After the calculations in appendix E are carried out, 
the power required to control the SPSV in heave, roll, or 


piteh is of the form: 


P = P \(ep cos(wt- n) + BC cos(2wt-n-A) + #BC cos(A -n | 
(38) 

The coefficients are defined in appendix &. “nis expression 
shows that the total rower requirements are composed of 
a constant component, a sinusoidal component of frequency 
w, and a second harmonic component of frequency ew. 

The power required to pump water out of the tank is 
positive. The negative power is delivered when the water 


re-enters the tanxs, but it is assumed that this power is 


ayaa 





not feasibly recoverable, As a result, the average power 
requirement over one period, determined from equation (30), 
is composed of only the positive contribution of the in- 


stantaneous power, and is: 


P =? (3 + a + % BC cos(h= 4) (39) 


The average power is used to evaluate the feasibility 
@teactive displacement control for a particular application. 
Although peak power gives an indication of the maximum 
pumping facilities required, and therefore canital invest- 
ment, the average power gives an indication of the operat- 
ing costs over the system's life. Althourh both peak and 
average power requirements are important considerations, 
only the average power requirements wili be used for comp- 


arison in the next section, 





VII, DISCUSSION AND CONCLU:3IONS 


To determine the Lfeasibility of active displacement control 
for a typical submarine pontoon supported vessel, the power 
required to provide various amounts of control under specified 
conditions is calculated, The characteristics of the SPSV 
are adapted from reference 7 and are listed in table l. 

The first case considered is that arising from the desire 
to have essentially zero motions in a moderate sea state. A 
sea state 3, with a wave amplitude of 7 feet and a period of 
8 seconds is representative of this condition. The uncontrolled 
heave amplitude is calculated from the solution to equation 
(20-a) and islfoot, with a zero phase angle. Since the motion 
is to be zero, the amplitude factor (A) is zero. The 
resultant averase power requirement is 1930 HP from equation 
(39). 

The next case arises from the desire to reduce the heave 
motion in heavy seas to a level where work can continue. A sea 
state 6, with a wave amplitude of 1% feet and a period of 14,5 
seconds is representative of this condition. The uncontrolled 
heave amplitude is 9.6 feet. For purposes of this discussion, 
itis assumed that control costs and motion costs have been 
determined which result in an amplitude factor of 0.35 from 
equation (27). In reality, the control costs and motion costs 
would be explicitly determined, however this determination is 
beyond the scope of this thesis. With an amplitude factor of 
0.35, the resulting controlled motion is 3.36 feet. The average 
power required to maintain this heave amplitude is calculated 
from equation (39) and is 7540 HP, 

In the case of a severe storm where tne wave period 
approaches the natural veriod of the SPSV, a resonant condition 
could exist. It might be desirable to maintain the heave 
motion within a rantce where limited wor could be verformed. 

To provide a comparison to the vrevious example, a storm 


condition with wave amplitude of 16 feet and a period of 


2g26r = 





18.6 seconds, the natural period of heave, was considered. 
The resulting uncontrolled motion is 24,2 feet. Again for 
comparison with the previous example an amplitude factor is 
taken as 0.35, which givesa controlled heave amplitude of 
38.5 feet. ‘The average power required to provide this con¢crol 
is 23,000 HP, 

If it is not feasible to provide small motions in the 
resonant condition, it might still be desirable to limit the 
heave amplitude to some maximum value, One obvious value is 
the wave amplitude, If the SPSV's heave amplitude, in the case 
previously considered, were limited to the wave amplitude, 

18 feet, the corresponding amplitude factor is 0.744, The 
average power required to maintain this maximum heave is 
calculated from equation (39) and is 9700 HP, 

Table 2 summarizes the preceding examples and also shows 
the complete power equations, equation (38), 

The preceding calculations were based on the ballast 
tanks being vented to the atmosphere. The power equations in 
table 2 show that a significant portion of the average power 
arises from the first term, or the comynonent with frequency w. 
If the amplitude of this component could be significantly 
reduced, the average power requirement could be similarly 
reduced, Appendix E shows that the coefficient BD depends 
among other things, upon the air pressure inside the tank, It 
was originally derived from a consideration of the difference 
in head across the ballast pump. If the tank were maintained 
at a constant pressure of 14.4 psi, then D = O and the power 
requirements are significantly reduced. 

The natural period of the 5PSV depends stronrly on the 
column diameters. For example, if the diameters were reduced 
from 25 to 20 feet, the natural period of heave is increased 
from 16.6 to 24 seconds, Reduction of the waterplane area by 
reduction of the column diameters is thus a means of increasing 


the natural period to avoid a resonant heave condition, However, 


sil BO ie 





changes in the column diameters are limited by other 
COMenreucracwons, ine primary limitation is the "spring 
constant", or tons yer inch immersion (TPI) of the SPSV. 

Too great a reduction in the diameters may well result in 
unacceptable vertical displacements caused by addition or 
removal of weight. This also holds true for list and trin, 
One possible compromise which would permit small column 
diameters at normal oyerating conditions, yet would provide 
increased restoring forces at larcse drafts, is a column design 
where che diameter increases with submerrence, 

To maintain buoyancy with smaller columns, the hulls must 
be enlarged to provide the necessary volume, Structural 
considerations muy also limit the minimum column diameters, 

If it is not possible to increase the natural period, 
active displacement control might be considered. From table 2 
it can be seen that the averase power required to decrease 
heave in a resonant condition is extremely large if the 
desired amplitude reduction is large. However, if it is 
satisfactory only that the SPSV not exceed the wave amplitude, 
the power requirements are significantly decreased, iven in 
this situation, the power requirement is high, therefore it is 
probably nore economical to design the SPSV with a high enough 
natural period so that resonant operation is avoided. 

The use of active displacement control to extend the use 
of the SFSV into higher sea conditions appears practicable, 
although the power requirements are still fairly high. The 
greatest potential for active displacement control of the 
SPSV is to maintain very small motions in moderate sea condi-~ 
tions. The cost of such a system in terms of average }ower 
requirements is small, and although there are practical 
difficulties in the actual design, the concept should be 


pursued, 
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TABLE I 


Characteristics of the SPSV 


Platform length 

Platform breadth 

Hull length 

Hull diameter 

Column diameter 

Draft 

Clearance between water and platform 

Propulsive power 

Natural periods of motion 
Heave 
Facet 


Roll 


eyes 


185 
185 
240 
25 
25 
45 
bly 


6000 


Lt 


ae 


ft 


ft 


{[t 


£t 


ft 


HE 


18.6 sec 


42.5 sec 


35.0 sec 





TASLE 2 


Summary of Power Requirements 


J 
— 
be 
— 
— 
— 


A 7 18 18 

T 8 ee 8 T6e0 

iG 1 9.6 24.2 

A O 0.35 0.35 
av O Bo ble On 

P (pp= 0) 1930 7540 28000 

P (pp,= 14,4) 68.3 1150 15400 


Condition I is the state 3 sea, 
Condition II is the state 6 sea, 


Conditions III and IV are the resonant conditions. 


The full power equations are: 


tL 


P. = 180 | 32.5 cos(wt - 270) + 1.19 cos(ewt - 270)| 


9700 
L&8O 


P t= 9120 \ 2.2 cos(wt —- 30.5) + .123 cos(2wt - 123.5) 


I 
+ 0.0865 | 
Port: 4.5200 | 0.89 cos(wt - 140) + 0.315 cos(ewt - 240) 
+ 0.242 
Ply = 45200 Vo. 344 cos(wt - 140) + 0.108 cos(2wt - 233) 


+ 0,0737 | 
Sno on 





Av Pee 
DelAlLS OF FORCS DsRIVATION 


The wave force on a column may be obtained from 
equation (5). On an element dz. , the wave force in the 


y-direction is 





2 
f 
_ et Ar) dp Fae 
mi . oy i 
The total wave force in the y-direction is: 
~—b 
1. DAR Maree 018 ene 
- F \ (a, + An.) w Ae sind sinT, dz. (A-1) 
—(Heb) 
The force due to the hydrodynanic inertia is: 
—b 
An, 
7 (relative acceleration in the y-direction) dz. 
~(usb) (A-2) 
the force due to damping is: 
—b 
: a 
— (relative velocity in the y-direction) dz 
— (Web) (A=) 


Substituting the expressions for relative acceleration 
and velocity into equations (A-2) and (A=3), integrating 
and adding, the total force on a column in the y-direction 


becomes: 


ie ° 2 
an = in int, 
YG \o2.5 oi + Do UGS (m4 2Am_.)w AQ sina sin A 


- C .wAQ sinacosT, (A=4) 
vas ° -O i 


where . = Eee ge - Z dp) 
Nemo oo. Y= 2, 
the force on a column in ‘the x-direction is derived in 
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@ Similar manner, and the result is: 
kos = = (am. Eos + ea + (m5 a 2 Am, wAQ cosa sinT, 
+ C,wAy cosacosT . (A=5) 
where Caen S 3 £ z, © - ee 


The derivation of the force on a hull in the y-direc- 


tion is similar to that for a column, The resulting force is: 
e - Ee : . 
Thi = - (A251 nee Pa Wns = (ms + 2An,,)w AwsinAsinT, 


= HWA sinncosT, (A-6) 


where . = + X ate + Z 
ni ue Ci h 


In the x-direction, the drag and hydrodynamic inertia 
of the hull are negligable compared to that in the yedirection, 
Consequently, the wave force is the only significant force 
and is: 
‘ 2. ; 
kag = mW Apicos oH sinT, (A-7) 
The derivation of the force on a column in the zZ- 
direction is similar to that on a hull in the x-direction 
with the addition of a restoring force, and is: 
Z = =i eiteaé Sn wd ~ i Teae cose (3-8) 
ci. ase c *o ea of 
The derivation of the force on a hull in the z-direction 


is similar to that on a column in the x= and y-directions, 


and is: 


- 355 = 





? 2 
Ze = -\4n,5 5; + Has 84 - (a, + 2 An, )w AjicosT . 


+ Hwa Msin Tv. (A=-9) 


After some simplification, equations (A-4) through 


(A-9) are reproduced as ecquations (17). 


=§ 360-4 





APP UNDIX B 
Det. LoS OF sQUAVTIONS UF MCTICN 


When the force compoments, equations (17), are substi- 
tuted into equations (18), the equations of motions result 


in the following form: (see also reference 1) 
Cada) + ballad + Lesdlad -Cr he 


| on la, 
1% = and LP sxc] =e 


\° jx] = Fx 


€ Ow _3 wer 


The non-zero coefficients are: 


az, 2 + 7 

215 = Mia 24 

aon = M+ 4m + 4 Am, 

a5) = afm 25 + 4 Am, z, 

Bay = M+ 4 On, 

a4, = 1, + bin 25 + Am 20 
Gog = I + bin 25 + Am, x5 


266 = I, + bm (xe oP yo) + 4 Am, x5 


dia = 4C 
"15 = 4250 
D55 = oe + H 


oa? x 





Be, 


Pay 


if 


il 


= 4wAS sin a} [-3m,wo, 1 (mw°Q =f Pad 


yy 

Z, 
ccye 
Bes 


x 


ce 
- Hy) 


NM M PM fw 


2 
+ HX>) 


e ee a 
oye S.. S se + x5H) 


TTP ed 


/ 
Wag gd y+ EE ae - 4m Ez 


h 


x 


Q Ma wa nw 


2 
€ 
a 
re} 


TP ed e 1d BZ - 4m, 62 


h 


GwAS cosa | (-39.m_w - mw) Sin wt + 46x cos wef 

4wAS sink { w[5aom, - tA (rm), + Am, )| sin wt - 
(26°, + PHL) cos wt} 

-4wAS ji, KA sin wt + | mwa. - Fe 


(m +2 An, )w us| cos wt f 


219 
QO MM 
+ 


5 y,tan(ky sin  ) 


Cc w sinn 


+ (m, 2Qn,)w pz, | Sin wt + (20. = Zn AH, ) cos wt f 


ie 2 445 ae tan(ky_ sine) 
AwAS | [-3n,w2, cos «+ Craw ore gan f sd. lx, = 


+ iW ee ees | mg2 An, | K . HK Sin wt 
2 24 0,cos % nee [n, +2 Aq, | K - HK.) cos wet 


= was | [3m wa coset Ne Sees oe x, tan(kx cos ) 
CG 
O 


- 9 ~roS % y_tan(ky sink ) = tA. ( | m, +2 A, | sink K 
Sil j 3 27 + co 
ae K,)| sin wt + | 3m,wa, eine x tan(kx, sod 


+. A ( \m, +2 Am, | sin of K + Ens x) cos we f 
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Written out, the equations beconie: 


ait + a5 0+, + dis ee oF (8-2) 
Qs + Ao, p+ bo 7 + boy P mar (2-3) 
as, S+ bz, S+ 3, 0 =F, (B-/+) 
A547) GIT P+ b5,% + By, d + ey, > = Fy, (B-5) 
a15 § + A55 O + bs B+ boo FO + cog B= Fy (B-6) 
agg W + beg H = Fe (229) 


Since heave, pitch, and roll are of primary signif- 
icance, surge can be eliminated by combining equations (B-2) 
and (B-6), and sway can be eliminated by combining equations 


(B-3) and (B-5). Usinz the notation D= as 


qt? equations 
(B-2) and (B-6) become: 
D(aj D+ b,,)§ + Dlay.D + bj) 9 = Fy (B=3) 
& 
D(a, 5D + oa) + (accD° + BegD + Cc.) O = F. (B-9) 


Solving simultaneously for O 


2 2 
(ag 1D + by, laggd® + beg + ccc) ~ D(aygD + d,,)°] O = 


(a0) abe eee Cane beers Deane 


11 ies 15 15 Ge) 


if 


Performing the required operations, and noting that: 


Ket omsoin Wt + £. cos wt 
1 is ic 


where the coefficients are given above, equation (3-10) 
becomes: 


aie 0. Ci> 8 a C14 CG + Ci0 QO = J, 510 wt + J, cos re | 
Be-11 


Se 0 re 





where: 


ie 


“12 


Li 


i, 


Se 


aie 


2 
= a 55 - ass 


= 879265 + 94855 - 2845°45 


2 
SMReeem on 55 ~ 15 


= W959) Pas 


= -a._wf + 


me Se + a, wf 


Ong sa RIGS = Pest ole 


Seem ee sels (ise ia lS dc 


Noting that equations (B-3) and (B-5) are similar to 
equations (B-2) and (B-6), the differential equation for 


roll can 


be written by inspection: 


D 4 C55 D. C54 PD + C50 dP = J5,Sin wt + J5,c0s wt 
(B-12) 


= Spel he a4 

emcee Papi = <85h 5), 

= Clos Oh yy by 

= ae CINS 

Boe er 22 he) © 234" ae ok oe 


= oot, + Panty, - 424¥lo, - Ponto 


summarizing, the equations of motion for the SPSV in heave, 


pitch, and roll are: 


az oe bz. y+ C235 = f,,5in wt + £5,008 wt (B-13) 


Cl; O . C15 O + Cia © + Cio Q = J. sin wt + J. cos wt (B-14) 


ls Le 


Coz Pp + Bos P + Cy, Y + Sas PD = J, sin wt + J, cos wt (B-15) 


& LO ves 





APPENDIX C 
DETAIUS OF SOLUTICN OF EQUATIONS OF MOTILN 


The equations of motion in-~heave, pitch, and roll, 
equations (B-17), (B-14+), and (B+-15), can be solved by assun- 


Pim solucdons of the form: 


i se cos(wt - Ex) (Cais) 
O = 0. cos(wt - &g) (C=2) 
d - y. Sesitwh — Zp) (C=2)) 


Inserting these relationshios into the equations of motion, 
equations (20), results in expressions which determine the 
magnitudes and phase angles of the 5SrSV motions, 


Substituting equation (C-1) into (20-a): 
2 ; 
3, \(rassh + C23) cos(wt - Z¢) + (-b,,w)sin(wt- z5)| = 
femoliewl: + tf. cos wit (C-4) 
D8 2c 


Combining sine and cosine terms on either side of equation 


(eas Ueresulcscein : 


¥ Rs cos(wt- Bs) = F gcos(wt- ¥y) (C-5) 
where: 
= \-az 5w° i 53)° * (-b5 507] * 
-b__W 

Py= %y+ tan” ge 

“*33" * “33 

2 2 2 

Py — (£5 TE f5.) 
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ror equation (C-2) to be true for arbitrary values of tine: 


% = (C-6a) 
and bs = M5 or 


-1 2) 
igs Yy> tan) | ——— aie 


squations (C-2) and (C-43) are treated in a similar 
fashion, the presence of a third derivative adding one 
additional term. Substituting equations (C-2) and (C=3) 
into (B-14) and (B-15), simplifying, combining sine and 
cosine terms, and solving for the amplitudes and phase 


angles, the resulting expressions for pitch and roll become: 


Fo 
o—— (C-7a) 
O Ro 
B, 
C_W = Cliw 
29 = Bp 7 tan“ ag (C=70)) 
“C, ow + Cho 
where : % 
R,~ = |(-C we Faas & 2 fae Me ae w)?| 
6 1L2 oO 25 11 
2 2 \k 
Fy = (J, 5 + Ji.) 
J 
-1 ls 
Sp = tan Ee 
Cc 
ana Tormeronl: 
Fr 
W) = ae, (Cada) 
Oo Ro» 
Cee? = (Claw. 
lp = 8o7 aes ee 5 cat (C255) 
mee 5G 





oe 





APPeNDIX D 
DETSRMINATICN OF CONTROLLED MOTIOUS 


To determine the controlled motions of the SPSV, the 
control force is added to the exciting force on the right 
hand side of the equations of motion, equations (20) as 


illustrated below for heave, 


az y+ b35 eer Cz X= f,,cin wt + f, cos wt + 


q 
Where: U,.= a Exe ~ § 2 yk from equation (26). 
Pp, fe) Cc 
The controlled motion, S = S. cos(wt - oe, is 
substituted into equation (D-1) resulting in: 
¥ Ry cos(wt - B,,? =T, cos(wt - K.) (D-2) 


where: i 
2 2 2. 
Re = | (-a,,W fe Cz) i: (~b, 2) i 
-b_owW 
_ a5) eee a 
Bsc 7 Es ad -a a + C 
BS, Ss 
2 : Ve 
wT S = | + Uy + eF ous cos( ¥5 - $5) 
F~ sin Vs, + Ue sin B< 
FF. cos Ys + Ux sin De 


| 
= t 


and Fs and Xs are defined in appendix CC. Equation 
(D-2) results in: 


T 
oe = — (D-3a) 
S% 
a) Be: W 
and fe = K 57 tan a (D-3b) 
“833% + S33 





expanding equation (D=-3a) and squaring: 
2 Le 2 
Fy + Uy + 2F Uy cos( X. re, ae 





Oe : 
2 cs 32 < 2c 
$ mas 
Fy 
From equation (C-6a), 3. =s— , therefore 
2 
U U 
SE 35 +23, FH col Ws 8) +S (D-5) 
“S$ 


Substituting U., from equation (26) into equation (D-5), 


2 So Fs 2 2% 
ae 8 oe 6 Oe cos( ¥5 - 8) 


Q f 


S 
2 
- . ) 
: (D-6) 


(=) (Se 
us ae ay 
Pe Ry 


Define an amplitude factor (/\) as the ratio of the control- 


ited motion to the uncontrolled motion: 
(D-7 ) 


_ vec 
N= 


When equation (D-7) is substituted into equation (D-6) and 


the expression simplified, the result is: 


dV 








R Pp al 
2 $75 EAN Ee 
3 
1 > \ 
Be RP, (Dag) 


The motions of pitch and roll are treated in a similar 


with the 


applicable. ‘The 
Without subscripts, the general equation can be 


subscript \ replaced by 8 or d as 


manner, 
resulting equations are similar to equation 


COS 


cee 





written: 


ieee) cos( y- & )- 1 = 0 (D-9) 
mech 
where: K =2 - 
Ll + 2 


mquation (D-9) is a general expression relating 
controlled motions of the SPSY, resulting from the optimn- 
DCO erGMeteorce, CO the phase angle of the control force, 


for given values of the control cost and motion cost. 
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APPENDLA E 


Peliloo © fF 1Csan UNLCULEYIONS 


she power requirement in heave is the prceduct of the 
heave mass flow rate, equation (31), and the heud, equation 
(37), Since heave is the only mction considered, © = P= O, 
The mass flow rate for each null is: 

. 2 

Wines | ; ( as ae ; as Fm 

my= -2e9Wwd (J siniwt- E,) 5 sin(wt 2h) (E-1) 


The head seen by the port null is: 


a 2 oe eealor + ky sind) = J cos(wt- €,) 
aa ee C Sc 


ae cee 
p fe) fa 
2 


roe a 


1 Cc i } = 
:s Zine \3cos(we- E<) - J cosiwt- oeee (E=2) 





The head seen by the starboard hull differs only in the sign of 
Yoe she power requirement is therefore: 
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when the expressions for head and mass flow rate are substituted 
into equation (2-3), and the equation is expanded and simp- 
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the power requirement in heave is the product of the 
heave mass flow rate, equation (31), and the hexud, ejuation 
(37). Since heave is the only motion considered, 0.= P= Or. 


The mass flow rate for each hull is: 
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The head seen by the starboard hull differs only in the sign of 


y._. ithe power requirement is therefore: 
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When the expressions for head and mass flow rate are substituted 
into equation (#-3), and the equation is expanded and sSimp- 
lified, the power equation becomes: 
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The power required to control roll is determined from 
the product of equ:.tions (32) and (37). The mass flow rate 


for eacn hake is: 
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substituting the expressio:s for head and w.ass flow rate, 
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The power requirements for pitch are determined ina 


Sliailar manner, and the power equation is: 
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